The activities of some enzymes belonging to the Leloir pathway, phosphoglucomutase, UDP-glucose pyrophosphorylase, UDPgalactose 4-epimerase and galactose 1-P uridyl transferase, were studied in a wild ropy, a non-ropy and an overproducing mutant ropy strain of Streptococcus thermophilus. These activities were assayed over successive culture transfers along with exocellular polysaccharide (EPS) production. The overproducing mutant ropy strain showed increments in polysaccharide production over successive culture transfers, as opposed to reductions in production by the wild ropy strain. The observed variations among strains in the enzyme activities that were analysed in relation to EPS production suggest their involvement in the synthesis of sugar-nucleotide EPS precursors. ß
Introduction
The capability of some lactic acid bacteria (LAB) strains to produce exocellular polysaccharides (EPS) (homo-and heteropolysaccharides) has been well established [1, 2] . Similarly, it is well known that the biosynthesis of exocellular heteropolysaccharides requires precursors derived from catabolised sugars that are activated intracellularly [3^10] . Exocellular heteropolysaccharide production by Streptococcus thermophilus has been studied at the genetic level and it has been found that speci¢c genes are involved in EPS production (eps) in some S. thermophilus strains [4, 5, 7, 9] . Furthermore, it has been determined that ropiness in this organism is unstable [6, 10] and that it is a growth associated characteristic [11] .
Heteropolysaccharides are made by polymerising repeat unit precursors formed in the cytoplasm. Several enzymes which are not unique to EPS production are involved in the biosynthesis and secretion process ( Fig. 1) [9] . Sugar nucleotides UDP-glucose and UDP-galactose play an essential role in EPS biosynthesis due to their role in sugar activation, which is necessary for monosaccharide polymerisation, as well as sugar modi¢cation (epimerisation, decarboxylation, dehydrogenation, etc.). Loss of the capacity to synthesise the sugar nucleotide usually leads to loss of EPS production [3] . The enzymes that participate in sugar activation and modi¢cation play an important role in both the formation of building blocks and the ¢nal EPS composition [9] .
It has been determined that UDP-glucose pyrophosphorylase is associated with EPS production in some S. thermophilus strains in cultures grown in glucose or lactose as sole carbon source. The most likely role of both Leloir enzymes UDP-galactose 4-epimerase and UDP-glucose pyrophosphorylase is the biosynthesis of precursors for EPS, which were studied previously in relation to EPS biosynthesis [8, 9] . In order to obtain a more precise view of the role of the Leloir pathway in EPS biosynthesis the di¡erences in the levels of these enzymes and of phospho-glucomutase, galactose 1-P uridyl transferase and galactokinase were assayed. The S. thermophilus strains studied were a wild ropy, a non-ropy, and an overproducing mutant ropy strain, the latest obtained in this work. This article discusses the relationship between enzymatic activity levels and stability in EPS production over successive culture transfers.
Materials and methods

Microorganisms
The bacterial strains used in this work were S. thermophilus NCFB859 (wild ropy strain) from the National Collection of Food Bacteria (Reading, UK), S. thermophilus ST233 (non-ropy strain) from the Instituto de Investigaciones Biome ¤dicas, UNAM (Mexico City, Mexico), and S. thermophilus CFR (overproducing mutant ropy strain) obtained in this study. All strains were Gal 3 . The microorganisms were grown at 37 ‡C in MRS broth supplemented with 20 g l 31 lactose (Difco, Detroit, MI, USA) as sole carbon source (MRS-lac) or in modi¢ed Bellinker broth [8] . Fifteen grams l 31 agar were added to MRS-lac broth (Difco, Detroit, MI, USA) in order to prepare the MRSlac agar.
Isolation of the overproducing mutant ropy strain
Ethidium bromide (Kodak-Eastman, USA) was added in concentrations of 0 (control), 1 and 2 Wg ml 31 to 10 ml of MRS-lac broth in 16U150 mm test tubes. Each tube was inoculated with 1% (v/v) of an overnight culture of S. thermophilus wild ropy strain in MRS-lac broth and incubated for 20 h. One hundred microlitre aliquots of each of the previous cultures were plated on MRS-lac agar supplemented with 24 mg ml 31 of neutral red dye (Sigma, St. Louis, MO, USA) and incubated for 24 h. Resultant colonies were screened visually for size and dye absorption and compared to those obtained in the control. Two mutant colonies from each plate were picked up with sterile tooth picks, transferred to test tubes containing 10 ml MRS-lac broth and incubated for 48 h. Each mutant culture was then grown in 50 ml MRS-lac broth for 20 h. EPS was extracted and quanti¢ed as described previously [8] . Speci¢c EPS production was de¢ned as Wg of glucose equivalents cfu 31 . Speci¢c EPS production of wild ropy, non-ropy and overproducing mutant ropy strains was determined over ¢ve successive transfers grown in 25 ml modi¢ed Bellinker broth and incubated for 12 h.
Preparation of cell-free extracts and enzyme assays
Cultures preserved at 370 ‡C were activated in skim milk. Then, they were transferred to a modi¢ed Bellinker broth and incubated overnight ; 0.25 ml from this culture were used to inoculate 25 ml of fresh Bellinker broth (¢rst transfer) ; successive transfers were performed in the same way. Cell-free extracts of 25-ml samples from these cultures of wild ropy, non-ropy and overproducing mutant ropy strains were obtained as described previously [8] . Supernatant £uids were used as enzyme source. The following enzyme activities were assayed after ¢rst, third and ¢fth culture transfers, which correspond to the points of maximum, medium and low levels of EPS production : UDP-glucose pyrophosphorylase (EC 2.7.7.9) and UDPgalactose 4-epimerase (EC 5.1.3.2) were determined as described previously [8] . Galactokinase (EC 2.7.1.6), galactose 1-P uridyl transferase (EC 2.7.7.10) and phosphoglucomutase (EC 2.7.5.1) activities were determined as in Thomas and Crow [12] . Total protein was measured spectrophotometrically at 280 nm. Enzyme activity was re- 
Polysaccharide composition
EPS components were determined by acid hydrolysis and TLC analysis as described previously [8] . In order to determine di¡erences in EPS component proportions, TLC plates were analysed densitometrically (densitometer GS 700 with Quantity One Software, Bio-Rad, Hercules, CA, USA)
Results
Overproducing mutant ropy strain isolation
Ethidium bromide mutagenesis treatment led to the isolation of several ropy colonies in MRS-lac agar plates. Grown colonies that presented a higher degree of dye absorption than those obtained in control plates were designated red colonies, while those with a lower degree of dye adsorption were designated white colonies (results not shown). The largest red and white mutant colonies were picked up from plates corresponding to each ethidium bromide concentration assayed. EPS production was evaluated in MRS-lac broth cultures for each isolated colony. It can be seen in Table 1 that red colonies obtained from ethidium bromide concentrations of 1 and 2 Wg ml 31 produced more EPS. White colonies produced less EPS than controls grown in the same ethidium bromide concentrations. An overproducing mutant ropy strain from 1 Wg of ethidium bromide ml 31 treatment was chosen for further experiments. This mutant produced 30% more EPS than the wild ropy strain. Stability in speci¢c EPS production was evaluated for overproducing mutant ropy, wild ropy and non-ropy strains over ¢ve successive transfers ( Table 2 ). The overproducing mutant ropy strain produced more EPS than the other strains, and EPS production increased after each transfer, while values for the wild ropy strain decreased after the third culture transfer. The non-ropy strain produced less EPS than the other strains.
Enzyme activities
In order to relate EPS production to the activities of enzymes involved in the formation of heteropolysaccharide precursors, the activity of enzyme phosphoglucomutase, UDP-glucose pyrophosphorylase, UDP-galactose 4-epimerase, and galactose 1-P uridyl transferase was assayed for wild ropy, non-ropy and overproducing mutant ropy strains. First, third and ¢fth culture transfers were used (Table 3) . Reduction in the activity of these enzymes after transfers was observed for the wild ropy strain and the non-ropy strain. The overproducing mutant ropy strain showed reductions in the activities of phosphoglucomutase, UDP-glucose pyrophosphorylase and galactose 1-P uridyl transferase ; however, the activity of UDP-galactose 4-epimerase increased over culture transfer. Galactokinase activity was not detected in any condition.
EPS from all the strains was composed of glucose, galactose and rhamnose and no di¡erences in their proportions were observed by the method employed (data not shown). 
Discussion
An overproducing mutant ropy strain which produced 30% more EPS than that the wild ropy strain S. thermophilus NCFB859 was obtained after mutagenesis with ethidium bromide coupled to the red neutral dye plate assay. As opposed to the wild ropy strain, speci¢c EPS production increased over successive culture transfers.
Genes for galactokinase, UDP-galactose 4-epimerase and galactose 1-P uridyl transferase constituting the Leloir pathway are present in S. thermophilus [4, 5, 7, 9] . However, it has been proposed that in Gal 3 organisms, galactose is excreted and the activities of UDP-galactose 4-epimerase and galactose 1-P uridyl transferase are expressed and involved in the metabolism of other sugars. These enzymes should then be involved in the synthesis of UDP-galactose from UDP-glucose, a key intermediate not only in EPS production but also in many other sugar biosynthetic pathways [8, 9, 13] . It has been proposed that the loss or variation in the capacity to synthesise sugar nucleotide precursors, such as UDP-glucose, UDP-galactose or GDP-mannose, is related to instability in EPS production [3, 9] . The activity of phosphoglucomutase, UDP-glucose pyrophosphorylase and UDP-galactose 4-epimerase associated to EPS production in S. thermophilus has been clearly established recently [13, 14] . In this work, the observed variations in these enzymes associated to EPS production over successive culture transfers suggest that in the case of the wild ropy strain the loss of EPS production is associated to a reduction in the activity of these enzymes. This agrees with results reported by Degeest and de Vuyst [13] . However, the activity of these three enzymes in the overproducing mutant ropy strain suggests that UDP-galactose 4-epimerase is the main enzyme involved in EPS precursor synthesis, since the activities of phosphoglucomutase and UDP-glucose pyrophosphorylase decrease despite the increment in EPS production over successive culture transfers. The higher levels of activity of phosphoglucomutase and UDP-glucose pyrophosphorylase in the overproducing mutant ropy strain compared to those observed in the wild ropy strain suggest a higher availability of UDP-glucose, a substrate for the synthesis of UDP-galactose by the UDP-galactose 4-epimerase, in a possible sequential way proposed previously for UDP-glucose pyrophosphoprilase and UDP-galactose 4-epimerase [8] . The production of heteropolysaccharides by non-ropy strains of S. thermophilus lacking mucoid properties and composed of the same constituents as EPS produced by ropy strains has been reported [1, 8] . Di¡erences in the behaviour of enzymatic activities of non-ropy strain ST233 suggest a di¡erent role of UDP-glucose pyrophosphorylase and UDP-galactose 4-epimerase in the synthesis of EPS precursors. This has been proposed as the cause of the production of an EPS with di¡erent properties despite its similar composition [8, 9, 11, 13] .
The activity of galactose 1-P uridyl transferase has been detected previously in S. thermophilus Gal 3 strains that are not associated with galactokinase activity [4, 9] . In this work, activity of this enzyme was not detected for all the strains analysed in selected culture transfers. However, if a sequential action of phosphoglucomutase, UDPglucose pyrophosphorylase and UDP-galactose 4-epimerase is required to synthesise EPS precursors from the glycolytic intermediate glucose 6-P, the role of transferase in the nucleotide-sugar synthesis is not clear, since all analysed strains were Gal 3 . Genes involved in EPS synthesis in S. thermophilus, Lactococcus lactis and Lactobacillus sake have been detected and analysed [4^7, 9, 11, 13, 15, 16] , but no direct evidence of the causes of instability in EPS production has been determined yet. This work was focused on the enzymes involved in the biosynthesis of sugar nucleotides; however, it would be interesting to evaluate the levels of expression of eps genes, in order to con¢rm that changes in EPS production were not due to mutations in the eps cluster.
In this work, it was observed that loss of production and overproduction of EPS in S. thermophilus is related to a variation in the activity of the enzymes involved in the synthesis of nucleotide-sugar precursors. Additionally, a mutant strain with increased activity levels of the enzymes 
